In this investigation, the concept that antioxidants are important in determining whether cells proliferate or organize was further tested by investigating the effects of the antioxidants, ascorbic acid (AA) and vitamin E, on wild carrot somatic embryogenesis. The antioxidant efficiencies of GSH and AA were also investigated by determining the activities of glutathione disulfide (GSSG) reductase and dehydroascorbic acid (DHA) reductase in proliferating and developing wild carrot cultures.
In plants, an association exists between auxin and antioxidant levels, and, as a result, auxin-induced growth has been associated with a more reducing cellular environment (2, 3, 4) .-.Although somatic embryogenesis may begin in the presence of 2,4-D, wild carrot suspension cultures are considered to grow proliferatively in the presence of auxin (2, 4 
-D). and embryogenically when 2,4-D is absent from the medium (5).
This characteristic provided an opportunity to further investigate, the proposed auxin-antioxidant association.
MATERIALS AND METHODS
Cell Culture. Wild carrot (Daucus carota L.) cell suspensions were grown proliferatively in the presence of 2,4-D and embryogenically in its absence as described previously (1) .
Determination of AA and DHA. Following extraction of cells with metaphosphoric/acetic acid and centrifugation as described for GSH/GSSG analyses (1), the resulting extracts were analyzed for both AA and DHA by the fluorimetric procedure of Deutsch and Weeks (6) . In this assay AA is oxidized to DHA before derivatization with o-phenylenediamine. Excitation is at 350 nm and emission at 430 nm. Employment of these wavelengths plus the use of charcoal and boric acid complexes in the procedure proved to be quite suitable for these plant extracts.
Known amounts of AA added to wild carrot extracts as internal standards were recovered completely.
Antioxidant Addition Experiments. These experiments were conducted as described previously for GSH additions ( Since GSH and AA showed the same pattern with respect to their levels as a function of time in proliferating and developing wild carrot cultures, it was of interest to study the activities of GSSG reductase and DHA reductase under the same conditions. These enzymes have been shown to regenerate GSH and AA upon their oxidations and may serve as indicators of the antioxidants' efficiencies (9,10).
GSSG reductase (Fig. 2) exhibited a higher activity in the proliferating cultures, indicating that the potential for GSSG reduction is higher under these conditions. This result also suggests that the antioxidant action: of GSH may be utilized .to a greater extent in proliferating cultures thereby supporting a role of GSH as'an antioxidant in this reductive mode 'of growth. Other studies also support this interpretation, e.g., a report showing that when cotton plants were grown at elevated oxygen levels, the GSSG reductase activity rose (11).
This was interpreted to indicate a greater use of GSH as an antioxidant except that, in cotton, GSH was proposed specifically to protect the plant from the harmful effects of oxygen species. This may also obtain to some degree here in the wild carrot system.
The data for DHA reductase (Fig. 3 ) differed from that for GSSG reductase in that the activity was essentially the same for both proliferating and developing cultures, indicating that the potential for DHA reduction is similar under both growth situations. The Km of DHA reductase for DHA has been reported to be high in cauliflower florets, 2 mM (12). The assay conditions used here for DHA reductase from wild carrot cultures also indicated a high Km for DHA. Accurate activity readings could be obtained only when at least 14 mM DHA was used. The highest DHA concentration measured during a culture period was approximately 0.5 mM (Fig. 1B) , so at this concentration and lower the enzyme's effectiveness would be limited.
Although these results do not suggest a high antioxidant efficiency for AA by this enzymatic mechanism, DHA can be reduced directly by GSH. In animals .
DHA reductase is not present and DHA reduction occurs via direct chemical reduc tion with GSH (10).
Exogenous GSH was observed previously to inhibit wild carrot somatic embryogenesis, and its antioxidantactivity was proposed to account for-this effect (1) . To further.test this proposal, AA and a water soluble form of vitamin E were added to developing cultures.on day 7; GSH was also added to a separate set of culture tubes as a control. On day 17 embryos were counted (Fig 4) and fresh weights were determined (Fig.. 5) for each treatment. . Figure 4 shows that the addition of AA and vitamin E at 0.5 mM inhibited embryogenesis as did GSH, although the latter was the more potent inhibitor. The concentration used (0.5 mM) was found to be near optimum for illustrating this effect for the compounds tested. The fresh weight results (Fig. 5) show that GSH and AA both inhibited growth to some extent. However, the water soluble form of.vitamin E did not influence thefresh weight yield, suggesting that it may be more effective than the other antioxidants in this situation.
These results indicate that the effect of GSH on embryo development occurs as a result of its antioxidant function. Also, the data indicate that, in general, a more reduced state (higher antioxidant levels) is detrimental to completion of the embryogenesis process. In animal studies, reports exist which show a similar relationship between the addition of antioxidants and differentiation. For example, N-methylformamide's and N,N-dimethylformamide's abilities to induce differentiation in malignant cell lines were inhibited by the addition of GSH to the system (13). Another study showed that differentiation of mouse myeloid leukemia cells was inhibited by the addition of phenolic antioxidants and vitamin E (14) . To our knowledge, this and our earlier report (1) comprise the first evidence from a tissue culture system that endogenous or exogenous antioxidants can affect plant development.
It has been reported that GSH, sulfhydryl groups and AA increase in the presence of auxins (2, 3, 4) , and this has been substantiated in this report in the case of AA (Fig. 1) . This relationship was further investigated in wild carrot cultures by growing the cultures at various levels of 2,4-D and determining the GSH and AA levels on day 12 when development would normally be well along if it were occurring and maximal differences in antioxidant content relative to proliferative cultures would be expected. Figure 6 shows the GSH and AA levels The AA values of (+) and (-) cultures are significantly different on and after day 6 (P < 0.05, Duncan's New Multiple Range Test). The DHA values of (+) and (-) cultures are significantly different on days 6 and 12 (P < 0.05). Each data point is a result of triplicate determinations and the experiment was repeated six times. 
TIME, days

